This paper investigates conditional variance patterns in daily return series of stock market indices in the G-7 and 6 selected economies of Central and Eastern Europe. For this purpose, various linear and asymmetric GARCH models are employed. The analysis is conducted for Canada, France, Germany, Italy, Japan, the UK and the US for which the TSX, CAC-40, DAX-100, BCI, Nikkei-225, FTSE-100 and DJ-30 indices are respectively considered over the period 1987 to 2002. Furthermore, the official indices of Czech, Hungarian, Polish, Russian, Slovak and Slovene stock markets are also studied, i.e. the PX-50, BUX, WIGI, RFS, SAX-16 and SBI, respectively, over 1991 /1995 to 2002 . The estimation results reveal that the selected stock returns for the G-7 can be reasonably well modelled using linear specifications whereas the overwhelming majority of the stock indices from Central and Eastern Europe can be much better characterised using asymmetric models. In other words, stock markets of the transition economies exhibit much more asymmetry because negative shocks hit much harder these markets than positive news. It also turns out that these changes do not occur in a smooth manner but happen pretty brusquely. This corroborates the usual observation that emerging stock markets may collapse much more suddenly and recover more slowly than G-7 stock markets.
I. Introduction
The most prominent features of financial time series such as volatility clustering, excess kurtosis and fat-tailedness have been long attracting considerable interest of both market professionals and academic researchers working in the field of finance. The seminal ARCH process proposed by Engle (1982) to model this phenomenon has given a huge impetus to both econometric model building and applied research.
Recently, the traditional linear ARCH model has been found inappropriate to describe financial time series mainly because of the presence of non-linearity in the series. For instance, Franses et al. (1998) show in general that non-linear GARCH models characterise volatility of the AEX, DAX, DJI, FTSE and the NIKKEI stock returns far better than traditional GARCH model. Also, Koutmos (1998) present results according to which asymmetric models perform better for stock market indices in industrialised countries such as Australia, Belgium, Canada, France, Germany, Italy, Japan, UK and the US. Fornari and Mele (1997) employ, for instance, the asymmetric GARCH model proposed by Glosten, Jagannathan and Runkle (1993) (GJR) and volatility switching GARCH (VS-GARCH) for selected American French, Japanese and Italian stock market returns. Using daily series, the Volatility Switching GARCH process is found to capture asymmetries better than the GJR model.. Omran and Avram (2000) also consider these two models and argue that the GJR model outperforms VS-GARCH for all stock returns but the S&P 500.
Not only returns observed in financial markets of highly industrialised countries appear to exhibit volatility clustering but asset returns in emerging and transition countries turn out to be described correctly by conditional volatility. As regards transition economies of Central and Eastern Europe, Poshakwale and Murinde (2001) find empirical evidence for the presence of conditional heteroscedasticity in Hungary and Poland. Using daily data from 1994 to 1998, they show that the returns of the official indices of the Budapest and the Warsaw stock exchanges, i.e. BUX and WIG-20, can be modelled using a GARCH model. However, the baseline GARCH model fails to account for the entirety of heteroscedastic conditional volatility in the return series. Kasch-Haroutounian and Price (2001) argue that this is due to the presence of asymmetry and non-linearity in the series. And this is evidenced for the Czech Republic, Hungary, Poland and Slovakia over the period 1992/1994 to 1998 employing a variety of asymmetric models to the data.
The ambition of this paper is to contribute in three aspects to this debate. First, we propose to study and compare daily stock returns of the G-7 and 6 selected Central and Eastern European economies with functioning stock markets, namely the Czech Republic, Hungary, Poland, Russia, Slovakia and Slovenia. Second, we investigate longer time periods than done other studies in the literature, and this especially for the CEE economies, i.e. from 1991 to 2002. Finally, we compare results obtained using linear and non-linear GARCH models.
The roadmap of the paper is the following: Section II provides a general picture of recent developments regarding asymmetric GARCH models. Section III deals with data issues. Section IV focuses on the testing procedure and presents the estimation results for the G-7 and the 6 selected CEE economies. Finally, Section V gives some concluding remarks.
II. A quick overview of the theoretical literature
Autoregressive conditional heteroscedastic (ARCH) models, introduced by Engle (1982) , have proved to be very popular and, more importantly, very useful in modelling financial time series. In such models, the mean equation is given, in the baseline scenario, by an AR(p) process: x t , the stock returns series, is regressed on its past values. Then, the conditional variance is regressed on a constant and lagged values of the squared error term obtained from the mean equation. This baseline model was extended by Bollersev (1986) leading to the class of generalised ARCH models (GARCH), in which the conditional variance depends not only on the squared residuals of the mean equation, but also on its own past values. For simplicity, only the GARCH(1,1) model is shown here.
(1)
and V(εt/εt-1)=σ2 where εt/εt-1 Parameters ω and α should takes values higher than 0 and β is to be positive so as to ensure that the conditional variance 2 t σ be nonnegative. In addition, it is necessary that
. This condition secures covariance stationarity of the conditional variance. A straitforward interpretation of the estimated coefficients in (2) is that the constant term ω is the long-term average volatility, i.e. conditional variance, whereas α and β represent how volatility is affected by current and past information, respectively.
In accordance with the extensive body of empirical literature aimed at investigating returns of financial assets such as stocks, GARCH models proved successful in taking account of prominent features of return series, namely volatility clustering, i.e. heteroscedasticity in the mean equation's residuals and the leptokurtosis in the empirical distribution. In contrast, these models fail to account for asymmetry and non-linearity in the conditional variance. This problem, also referred to as the leverage effect, has given rise to an array of asymmetric models. The simplest asymmetric GARCH model is that proposed by Glosten, Jagannathan and Runkle (1993) (GJR henceforth) . In this model, not only the size but also the sign of the residual obtained from the mean equation, determine the conditional variance, which is tantamount to capture asymmetry as in (3) ) is higher than that of positive shocks/news (α ) provided λ is significantly different from 0. Note that for the conditional variance to be positive, the coefficients have to be non-negative, i.e. (4)
Similarly to the GJR model, the parameters should be equal to or higher than zero whilst the sum of them excluding the intercept should be lower than 1. The Exponential GARCH (EGARCH), developed by Nelson (1991) , is based on the log-transformed conditional variance. Hence, the asymmetric effect is exponential instead of being quadratic as in the GJR model:
Whereas stationarity is ensured by 1 p β , the positivity constraint of the parameters is lifted in this model. The Quadratic GARCH (QGARCH), pioneered by Sentana (1995) Hagerud (1996) and GonzalesRivera (1998) considers two regimes in which the conditional variance can be described by a different GARCH(1,1) process:
where F(.) is the transition function that describes the path from one regime to another. Note that
. Asymmetry is controlled for by θ. The two regimes can be described by introducing c, the threshold value for 1 t− ε :
The positivity condition is respected if . For covariance stationarity to hold, the following condition is to be fulfilled:
III. Data Issues
In this paper, we consider major stock market indices of the G-7 countries, that is for Canada, France, Germany, Italy, Japan, the UK and the US, on the one hand, and stock market indices of 5 
IV. Testing procedure
Evaluating the adequacy of and estimating the symmetric and asymmetric GARCH models presented earlier involves a score of interrelated steps. A general overview is given below and we shall develop them in more detail in what follows. Table 1 hereafter provides a general overview of the data used and gives preliminary descriptive statistics. The first striking feature is that the mean of daily returns is significantly higher in Hungary,
IV.1. Descriptive statistics and unit root tests
Poland and Russia when compared to the G-7 countries, and higher returns go hand in hand with higher standard deviation. This fits into the picture on emerging markets, i.e. higher returns come at cost of higher risk. But this is not the case for the Czech Republic, Slovakia and Slovenia where the mean return is in line to that in the G-7. By contrast, the standard deviation is relatively high in these countries. In addition to this, maximum and minimum returns are much higher in all CEE countries relative to those of the G-7. All this is not surprising in Hungary, Poland and Russia. In the Czech
Republic, Slovakia and Slovenia, the fact that the standard deviation and minimum and maximum values are higher than what could be explained by returns might be due to the low liquidity of the stock markets, entailing higher structural volatility. All series are, without exception, highly leptokurtic and exhibit strong skewness, mostly to the left. This suggests the presence of asymmetry towards negative values. As a result, the Jarque and Bera test rejects the null of the normality, as shown in Table 1 . As a second step, unit root tests are applied to the stock index series in log levels (not return series)
in accordance with the Dickey and Pantula (1987) : the conventional ADF ( Augmented DickeyFuller) and PP (Phillips-Perron) tests are applied to series in second differences, then to first differences and finally to the series in level. The results reported in Table 2 Note: * and ** denote the acceptance of the alternative of no unit root in the series at the 5% and 1% levels, respectively. The lag length of 4 and 7/8 is used for the ADF and PP tests, respectively.
IV. 2. Preliminary tests The mean equation
Before jumping into the preliminary tests, some developments should be done on the mean equation.
Throughout this paper, we assume that the return series can be modelled as an autoregressive process. For each country, an AR(p) process is specified for which the lag length is obtained using the Akaike information criterion (AIC) and that eliminates serial correlation from residuals of the mean equation. The same AR(p) is then used for a given country when estimating different GARCH models for the conditional variance in the remainder of the paper (See Table 3 below). For the FTSE-100, Nikkei-225 and the Polish WIGI, the lag length is zero, which lends support in favour of the market efficiency hypothesis. For the other countries, the lag length amounting up to 5 shows some serial correlation in the return series for up to one week. φ is found statistically significant, the sign of the lagged residual does matter for the conditional variance. A modified version of equation (9) leads us to the negative size bias tests that can be written as follows: The sign and size bias tests are applied to the G-7 and the 6 economies from Central and Eastern
Europe. The sign bias tests, reported in Table 5 indicate the presence of asymmetry for only part of the stock returns considered in this paper. The null of no asymmetry is rejected only for the Dow Jones and the CAC-40 at the 5% level. The result of the positive bias test is very similar. In addition to the DJ and CAC-40, the negative size bias test is able to reject the null of symmetry and thus to accept negative asymmetry at the 10% level for the DAX-100.
For the CEE stock returns, the negative and the positive bias tests accept the presence of asymmetry at the 5% level for the Ljubljana and the Prague stock exchanges, whereas asymmetry appears significant only at the 10% at the Budapest and Moscow stock exchanges. In these countries, the size effect appears more important than the sign effect.
Linear and non-linear ARCH effects
A second type of test is the Lagrange Multiplier (LM) test of Engle (1982) that investigates the presence of ARCH effects. Using the generalised form of an ARCH(q) as in Eq (12) ( )
The use of a logistic function F(.) corresponds to an LST-ARCH model whereas employing an exponential function leads to an EST-ARCH specification. The test statistics follow 2 χ with 2q degrees of freedom.
According to the results reported in Table 5 ., ARCH, QGARCH, LSTGARCH and ESTGARCH models are accepted against the null of homoscedasticity for the cases of the Dow Jones and the CAC-40 at the 1% level, irrespective to the choice of the lag length. The same result holds true for the TSX and the DAX-100, but to a lesser extent since the null cannot be rejected for small lags. By contrast, the null cannot be rejected for the cases of the Nikkei-225 and the FTSE-100. The Milan stock exchange constitutes an intermediate case since the alternative hypothesis is accepted only at lower significance levels and when using higher lag length. What we obtain for stock exchange returns in Central and Eastern Europe is more clear: for all series but one, namely the WIGI, the three asymmetric GARCH models are to be preferred to the homoscedasticity assumption. This result holds at the 1% level and is independant of the lag chosen.
To summarise the results of the preliminary tests, substantial nonlinear and asymmetric ARCH effects appear in the residuals obtained from the mean equation for only two of the G-7 stock returns whereas they are found very strong in all returns of the transition economies with the exception of Poland. In these cases, asymmetric models described in Section II may be preferred to the linear ones. 
IV. 3. Estimating and diagnosing the volatility models
The benchmark GARCH(1,1) model Republic, Hungary and Slovakia. This implies that in these countries, shocks to the conditional variance are highly persistent and especially in CEE countries. Note: see Table 6a .
Specification tests
It is indispensable to check whether the GARCH(1,1) specification performs reasonably well for the countries under study. Therefore, as announced at the beginning of the section, tests for remaining ARCH and for higher order ARCH and GARCH effects in the residuals of the model are carried out in accordance with Lundbergh and Teräsvirta (1998) and Bollerslev (1986) . Rejecting the null hypothesis implies that the residuals are still heteroscedastic and that a higher order ARCH and GARCH model would be more appropriate.
As evidenced in Tables 7a and 7b , remaining ARCH is found among the G-7 countries only for Canada, and for the Czech Republic, Hungary, Slovakia and Slovenia. With regard to the higher order ARCH and GARCH tests, it appears that beside the Canadian TSX, a higher order ARCH/GARCH would be more appropriate for the DAX. This finding confirms the preliminary tests conducted on the residuals issued from the mean equation, because the tests reject the null only for higher lag length. When analysing the case of the CEECs, the results for the Czech, Hungarian, Russian, Slovak and Slovene stock indexes evidence problems both in term of remaining ARCH and higher order ARCH/GARCH effects. Note: lag in the first column refers to the order of the ARCH model and stands for p and q in the case of the GARCH model Note: see Table 7a .
When it comes to analysing the battery of other specification tests, the misspecification of a GARCH(1,1) against an alternative of a QGARCH(1,1) and LSTGARCH(1,1) indicated that a QGARCH is preferred to a linear GARCH specification for the Dow Jones, the CAC-40 among the G-7, and for the Czech (PX-50) and the Slovene (SBI) stock markets. Furthermore, in the case of the CAC-40, an LSTGARCH seems superior to a GARCH. In addition to this, the sign and size bias tests also clearly indicate that the GARCH model is not able to take into account the asymmetries for these four indexes. This seems also be the case for the Hungarian BUX and ,to a lesser, extent for the Russian RFS. ( tables 8a and 8b). 
Testing Parameter Stability
Finally, the parameter constancy test is meant to check whether or not the estimated parameters of the model vary over time. Lin and Teräsvirta (1994) and Lundbergh and Teräsvirta (1998) put forward that parameters may have regime changing dynamics with an exponential or logistic transition function where the transition parameter is the time t. Franses and van Dijk (2002) show parameter stability tests where a constant parameter GARCH(1,1) is tested against the following alternative:
Based on this, the stability of the intercept can be tested as follows Finally, the stability of the intercept and the other parameters can be also checked: These three tests are applied to the estimated coefficients of the 13 stock returns. Table 9a reveals that major stability problem is found only for the CAC-40. The additional normality tests show that the GARCH model could not eliminate the problem of non-normality. Only the test statistic for the DAX-100 decreased considerably indicating that the GARCH model was able to capture some skewness and kurtosis in the series.
With regard to the transition economies of Central and Eastern Europe (table 9b), the parameter constancy tests provide evidence in favour of time varying coefficients for the BUX and the SBI at the 5% significance level and for the PX-50 and the RFS at the 10% level. Similarly to the findings for the G-7, the absence of normality remains a problem as documented in Table 9b . However, when skewness, kurtosis and the Jarque-Bera test statistics in Table 9a are compared to those in Table 1 , it appears that the GARCH model reduces a large chunk of non-normality.
All in all, these findings strongly corroborate what is found using preliminary diagnostic checks applied to the residuals of the mean equation. The GARCH (1,1) model turns out to be inadequate to describe conditional variance for the Dow Jones, the CAC-40, BUX, PX-50, SBI and possibly the RFS. 
Non-linear GARCH models
Bearing in mind the estimation results presented in the previous section, non-linear GARCH models have to be estimated for some of the stock market returns. However, for comparison purposes and in order to check the robustness of the results, the non-linear models are estimated for all stock returns under investigation. First, the GJR model and subsequently the QGARCH model are assessed. With regard to the G-7, results for the GJR model are reported in Table 10a : this model can be verified only for the Dow Jones and the CAC-40. For these two series, the constraints to respect positivity and covariance stationarity are fulfilled. As far as the remaining indexes go, the model appear to perform rather poorly. Not only that the However, the λ coefficient for the German, Italian and Canadian series is found to be not significant. Tables 10b and 11b largely correspond to the preliminary and diagnostic tests conducted for the linear GARCH model. That is to say, the Polish WIGI stock returns is the only series for which none of the non-linear models, i.e. GJR and QGARCH are found to be at work. The coefficients are systematically insignificant and some of the pre-imposed constraints turn out to be violated. In contrast with this finding, both the GJR and the QGARCH models seem to correctly describe the BUX and the SAX-16 returns. Moreover, the Czech, Slovene and Russian returns can be characterised by means of the QGARCH model. This provides strong empirical evidence in favour of the fact that stock returns in transition economies, with the exception of Poland, exhibit strong non-linear and asymmetric behaviour, which occur in an abrupt ways rather than in a smooth manner. 
V. Concluding Remarks
The aim of this paper was to analyse features of conditional variance in daily return series of stock market indices in the G-7 and 6 selected economies of Central and Eastern Europe, namely the that the selected stock returns for the G-7 can be reasonably well modelled using linear specifications except the Dow Jones and the CAC-40 whereas the stock indices from Central and Eastern Europe can be much better characterised using asymmetric models. An exception is the Polish series WIGI.
In other words, stock markets of the transition economies exhibit much more asymmetry because negative shocks hit much harder these markets than positive news. It also turns out that these changes do not occur in a smooth manner but happen pretty brusquely. This corroborates the usual observation that emerging stock markets may collapse much more suddenly and recover more slowly than G-7 stock markets.
